The embryologists found the realistic human organ models and animations of development necessary for their studies. The main idea of this paper is a methodology producing a realistic animation of development by combining the L-system growth model with a physical model. The skeleton of a digestive system is a line skeleton with a tree structure. Therefore, its growth in length can be simulated by an algebraic L-system which controls the growth of skeleton segments. The global deformations of the skeleton due to the gravity and the lack of space in abdominal cavity are simulated by a dynamics of skeleton segments. The movements that have no physical reasons such as looping are implemented by external forces applied on links controlling the organ movement in space. The convolution surfaces generated by skeletons define the final shape for growth animation. The entire system consists of two steps: First, the actual number of skeleton segments and the length of each skeleton segment is calculated from growth functions, second, the skeleton deformation in space is updated based on dynamics.
Introduction
The shape and structure of a human embryo digestive system change significantly over a short period of time. It bends, twists and creates many loops during the development. Embryologists therefore strive to visualize the movement and shape changes over time. In this paper we will discuss how to model the outer shape and the shape metamorphosis during the growth of some human embryo organs, particularly in the digestive system. Controlling the shape metamorphosis between two mesh objects become a problem when they have different topology and geometry. To create the realistic-looking human organ models and to generate the animations demonstrating the growth process require an appropriate methodology. The aim of this paper is to present a methodology based on the functional representation and convolution surfaces 1,2 .
Durikovič et al. 3 have developed a system in which organs and the environment are separate processes, information from each being transmitted using communication modules. The methodology, which is based on algebraic L-systems, was demonstrated on a growth model of human embryo stomach. Method requires setting many initial parameters, not an easy task to do for the complex growth motions and bindings of a digestive system. The proposed work in this paper significantly decreases the effort required to design of L-systems which can simulate the dynamic growth of a digestive system. Using implicit surfaces generated by skeletons for growth animation of smooth surfaces seems to be a very good idea, since they can be stored in a very compact way.
Semi-automatic reconstruction methods based on implicit iso-surfaces generated by skeletons that can be used for noisy scattered points of medical organs were studied by Tsingos et al. 4 . The basic idea of their method is the minimization of the distance between the data point and iso-surfaces, during a series of skeleton refinements. Their skeleton consists of disconnected data points while we would prefer a continuous skeleton which suites the animation purposes better. Several attempts have been made using computer graphics to visualise biological growth. Methods for modeling botanical trees were developed to generate natural tree images 5, 6 . These methods directly model the growth process using statistical data, such as the angle between trunk and branch. An L-system formalism was proposed by Lindenmayer 7 , and the method has been used as a general framework for plant modeling. An L-system with several extensions was extensively described by Prusinkiewicz and Lindenmayer 8 , and the extensions allow for such factors as context-sensitivity, random variations, and branch cutting. An expansion of the Lsystem to handle the interaction between plants and their environment has also been developed 9, 10 . A recently proposed method considers the plant and its environment as two separate models with information flowing between them in both directions 11 .
Another interesting extension of L-systems is a behavioural L-system capable of animation the autonomous actors by external tactile and behavioral forces 12 . What are our requirements for the growth animation? First, the object should be capable of animating in other words it should have a control skeleton with intuitive shape representation during the growth. Second, shape changes and movements should be smooth i.e. shape function as well as the skeleton elongations and deformations should have a continuous first derivative. Lastly, the movement should correspond to real growth as is assumed by the community of embryologists.
The L-system is an excellent method for modeling botanical growth, as demonstrated in many publications 13, 11 . However, the method cannot be directly applied to human organ development. Trees or plants monotonically increase their length and thickness of branches. In contrast, the growth process of human organs is more complicated. In the early stages of human organ development, a number of significant changes occur, making it very difficult to simulate organ growth. Generally, organs have no tree structure and their growth is not a monotone process. For example, in stomach and intestine development, different combinations of rotation, bending and twisting take place. These difficulties are unique to the modeling of human organ growth; they are not encountered in the modeling of tree or plant growth. Although, attempts to bend the plant leaves and apexes have been made in plant formation 14 , they do not allow the bending transformation of the entire plant structure. We propose a method that takes the advantage of positional changes in time to efficiently control the growth of organ skeleton. To simulate the complex bends of small and large intestines we propose to use the spring model of a skeleton. The rest length of each spring increases (decreases) according to the growth functions. The dynamic simulation then determines the current position of each skeleton segment (spring) in space while taking into account the space constraints and user-defined external forces. This approach gives the user ability to control such growth movements which cannot be explained by the physical dynamics of neighboring organs.
The structure of the paper is as follows. First, we describe the biological and physiological development of the intestine system. Section 3, defines the skeleton, describes the skeleton growth based on L-systems and defines the growth functions. Next section describes the skeleton dynamics using a spring model. Section 5, shows how to create the shape from skeleton using the skeleton-based convolution cylinders. Function representation is used to handle the blending of physiological parts. Next, section show the results followed by conclusions.
Biological Development of the Intestine System
Development of the midgut is a complicated series of events generally involving three phases herniation, reduction and fixation 15 .
(i) Herniation. The development of the primary intestinal loop is characterized by rapid elongation. As a result of the rapid growth and expansion of the liver, the abdominal cavity temporarily becomes too small to contain all the intestinal loops, and they enter the extraembryonic coelom. Coinciding with growth in length, the primary intestinal loop rotates counterclockwise approximately 90
• , shown in left of Fig. 1. (ii) Reduction. The intestine returns rapidly to the abdomen at 9 weeks while continuing to rotate about remaining 180
• , as shown at the center of 
Physiological Development of the Intestine System
Every organ is built up from a huge number of cells, each growing with different properties, such as speed and direction of growth. Since, it is not worth of effort to simulate the entire organ as a cellular structure we have to reduce the number of cells without compromising to any great degree such organ properties as volume, surface area, topology, speed of growth in specific areas, and the like. To approximate the shape of an organ while considering the speed and direction of cell growth at the same time, we group the entire set of cells into a number of cylindrical bunches (clusters). Thus, the skeleton of the organ is defined by a chain of linear segments passing through the cluster centers, see Fig. 2 . Organ growth can then be modeled by the growth of the line skeleton, and variations in shape thickness during the growth process can be captured by variations in cylinder size. When a cylinder changed in size, it was understood that the organ cells grew in the directions emanating from the cluster center. Similarly, when the skeleton segment underwent changes in length, it was understood that the cells included in two adjoined clusters grew in directions parallel to this segment. Taking into account the above statements, the organs were divided into physiological parts having different speed and direction of growth to suite the animation purposes. The physiological parts of the intestine system are shown in Fig. 3 and marked I, II and III for stomach, marked IV for small intestine, marked VII for large intestine, marked V for appendix, and marked VI for vitteline duct.
Measurements of Shape Changes
Several statistical measurements have been made to specify the shape changes which serve as a starting point for the design of growth functions. Measurements should be taken for every physiological part, shown in stage. We obtained several photographs of mouse and human embryos from Medical School of Hiroshima University, Japan. The atlas of embryology 15 contains handdrawn pictures and photographs of human embryo organs ordered by age. For the purpose of this study the human embryo models with age from range of 28 -113 days were used. The pictures were scanned, stored in binary form and measured. Both the drawing of chain skeletons and measuring of photographs were done by hand. While refering to Langman's embryology 15 we collected data that are shown in Table 1 . For each available embryo age (developmental stage) of large intestine its mean thickness and skeleton length are listed. Statistical data for a human embryo stomach have already been summarized byĎurikovič et al. 3 .
The organs, at this preprocessing stage, were divided into physiological parts having different speeds and directions of growth to suite the animation purposes. 
Skeleton
The topology of the digestive system is expressed by a tree structure and the development of the tree-like structure can be easily modeled with an algebraic L-system 14, 3 . An L-system formalism was proposed by Lindenmayer 7 , and the method has been used as a general framework for plant modeling. The L-systems are extended to by introducing continuous global time control over the productions, stochastic rules for the capture of small variations, and explicit functions of time used to describe continuous aspects of model behavior, in addition to differential equations. In some cases it is convenient to describe continuous behavior of the model using explicit functions of time rather then differential equations. For example, global shape transformations varying over time require a large and complicated system of differential equations, while only few explicit functions of time are sufficient for the description of these transformations.
L-system and Turtle Graphics
L-system is a rewriting system based on an alphabet, an axiom and a set of rewriting rules or productions that rewrites the modules according to the production rules at each iteration step. The rewriting process is initiated by an axiom, for example
The production that A(x) should be changed to the module B(x + 1) with supporting branch A(x) and condition x < 4 is represented as
Consequently, the first derivation step may have the form:
A(1)B(3) ⇒ B(2)[A(1)]B(3).
Modules in the derived string can be related to structural elements in the growing form. To create a graphical model, the derived string of modules is scanned sequentially and modules are interpreted as commands to a turtle. At any point within the string, the turtle state is characterized by a position P and a coordinate system U , L and H that indicates the turtle's up, the left, and the heading direction, see 
Skeleton Growth
From now on we will assume that the line segment from skeleton can be represented by a module F with two parameters l and τ , which indicate its current length and local time. The following L-system table in Fig. 5 shows an example of the growth of a line skeleton with omitted branches. It describes the behavior of the apical segment. Segments will grow within the local time interval [τ s , τ e ]. The growth of segments causes the first order continuity of the entire skeleton length. Upon reaching the threshold length l th , the segment subdivides into segment F of length kl and a shorter apex with length (1 − k)l, given by production Fig. 5b . The logistic growth function g lmax,p (l) describes the increasing length of segment according to a global time t (see Fig. 5a ).
The recursive application of L-system results in a string of symbols where each symbol represents a linear skeleton segment and parameters determine its length. The total number of symbols is the same as that of skeleton segments.
Skeleton Global Bending
Let us consider the problem of global bending of a tubular shape defined by its central skeleton during its growth over time t. Let s denote the arc-length distance of a skeleton point from the origin of this skeleton then the skeleton at time t i can be approximated by a parametric curve P i (s),
In our implementation we used a cubic interpolation spline with the global parameter s.
Assuming that several key skeletons for a given time ticks t = t 0 , . . . , t n are known and that they are approximated with curves P i we can define the function P(s, T ) that will interpolate the set of curves P i in time domain. We can use the cubic interpolative spline for this step, too.
Thus function P(s, t) : R + × R + → R 3 defines the shape of a skeleton along the spatial coordinate s at time t. The explicit function P can then be used in the L-system in such a way that the heading direction H is always identical to the tangent vector of parametric curve P(s, T ) for given s and T .
The following L-system table in Fig. 6 shows an example of the skeleton bending according to the explicit function of time. The initial structure consists of apex A defined in axiom. The parameter s of the apex represents the current position of the turtle, measured in arc-length distance from the origin, parameters t and τ are the global system time and age of the module, respectively. The production rule (a) creates an organ axis as a sequence of cylindrical segments of length ∆s. Apex grows in length and generates segments F with length ∆s during the time interval [τ s , τ e ]. The process will stop when the actual length s of all segments is equal to the length l of the skeleton parametric curve. Rotation modules +Ω U and &Ω L in this production depend on current turtle position and global time t, they are followed by the query modules ?L and ?U for future calculation of angles.
Production rule (a) from SkeletonBending table in Fig. 6 will be repeated recursively till local time is equal to τ e while table AngleCalculation will run as a last step just before the graphical representation. Here the rotation angles are calculated from the tangent vector of function P at turtle position s and time t (line b). Projection of tangent vector on to the current turtle U vector gives the rotation angle around L axis after conversion to radians (lines c and d). Similar idea is used for module &Ω U giving rotation around axis U , see Fig. 7 .
After application of both tables the turtle heading direction H is always in the direction of the tangent vector to the arc-length parametric curve of function P(s, T ) at current time T . Parameter ∆s should be set such that we have enough cylindrical segments to approximated the high curvature bends. 
Growth Functions
Continuous processes such as the elongation of skeleton segments, and growth of cell clusters, over time can easily be described by the growth functions. Growth functions can be then included into algebraic L-systems as explicit functions or differential equations. Growth is often slow initially, accelerating near the maximum stage, slowing again and eventually terminating. A popular example of the growth function 16 is the logistic function which is a solution to the following differential
Logistic function monotonically increases from initial value r 0 to r max with growth rates of zero at start and end of time interval [T 0 , T ]. It is an S shape function with a steep controlled by a parameter p. It is well-known when the developmental processes begin and terminate in the case of normal development of organs, their growth follows specific time intervals for different individuals quite accurately, making the use of growth functions with explicit dependence on time reasonable for the biological modeling of organ growth. Therefore, the growth function is designed such that it approximates the collected statistical measurements from Table 1 .
Length. We assume that skeleton elongation is given by the logistic function, in other words it is a solution of first order differential equation Eq. 1, see Fig. 5a .
Next, we need to find the initial condition and parameters r max , p of function g such that the solution of Eq. 1 approximates the measured data with the smallest error. The length of a large intestine is found by numerical fitting as a function l(t) which is a solution of the following differential equation
where g 28.62,0.07 (l) is the logistic function and l(28) = 2.76 is the initial condition. The initial condition means that the length of large intestine at the time of its creation is 2.76 mm. Left graph in Fig. 8 shows the growth function l(t). Since, the maximum number of skeleton segments corresponding to the large intestine is N , the growth per segment is given after dividing by N . Similarly, the growth functions are derived for each physiological part of our digestive system. All growth functions defined by differential equations are calculated by Euler explicit integration on fly during the recursive derivation of L-system string that models the skeleton growth.
Skeleton Dynamics
The L-system will calculate the number of segments their length, orientation and thickness but it cannot solve the problem of self collision. The problem, discussed herein, is for a given number of segments with given initial position, length and thickness to find the position and orientation of skeleton segments in space due to constraints. The dynamics of the spring system in the external force field can be used to find the global deformation of the skeleton due to the gravity. The dynamic system uses the damped spring forces with predefined rest length of a spring, spring forces minimizing the shape changes from the initial reference shape, bending forces, collision response forces, and external forces such as gravity force and user interaction force, see Fig. 9 . The definitions of all the forces used in our system can be found in 17 . The proposed dynamic system tend to minimize its bending energy and the resulting shape will be close to the initial shape. Space constraints applied on a spring system can handle the deformations due to the lack of space in abdominal cavity and self collision. The collision is handled by considering the thickness of each segment calculated by the L-system. The other known movements can be implemented by external forces applied on springs controlling the organ movement in space. For example, the looping during the her-niation shown in first row in Fig. 12 can not be simulated just with space constraints it should be defined manually as external force defined in a script before the simulation process.
The size of the abdominal cavity grows during the organs' growth. The cavity growth is modelled by key frame animation where the key shapes are modelled for six developmental stages of the embryo.
The entire system consists of two steps: First, the actual length of skeleton segment is calculated from L-system with growth functions, second, the skeleton deformation in space is updated based on spring dynamics. From the above discussion we know that the L-system with growth functions will give us the string of skeleton segments with length parameter and the rotation modules representing the segment orientation in space. The skeleton dynamics is interconnected with growth functions as follows:
First, we make a turtle representation and create a spring corresponding to each line segment. Initial length and rest length of all springs is equal to the length of a segment calculated by L-system. This way we created the initial physical model with the spring equation of motion described in 17 . Second, the user predefined movements and space constrains are added into the spring system. Third, the spring dynamics is recalculated using a simple explicit Euler integration method. After few steps of numerical integration we get the springs rested with the updated length and position due to the external forces.
Fourth, after an optimum has been found we must pass the new length and orientation of each segment back to the L-system string. After inserting new parameters in the L-system we can run the derivation step of the L-system again and the whole process repeats.
A single derivation step of the string by L-system is followed by 10 minimization steps of the spring model. The physical parameters of the springs such as stiffness and damping are fixed, as well as size of simulation step. The user normally needs to control the process by the growth functions while he can correct the process by the external force.
Shape Representation for Growth Animation
The polygonal models can not capture the development of such complex process as the growth of the digestive system. So far, we have created the skeletons of different physiological parts, we need to blend them together to get the smooth shapes. Even though, the convolution surfaces provide nice blending between several parts of organs, the control of the blend shape is very limited. The functional representation is a tool that generalizes the set theoretical operations and generates full range of shapes from simple object union to smooth blending. The animation of such surfaces follow the changes smoothly, even if the topology changes. Because of this advantage the functional representation is an excellent tool when the shapes to be modelled are from the natural world. We discuss herein the shape modeling based on skeleton calculated from dynamic simulation and L-system growth.
Function representation
The following material is a reiteration from 1,2 . Let us consider closed subsets of 3-dimensional Euclidian space E 3 with the definition:
where f is a real continuous function defined on E 3 . The above inequality is called a function representation (F-rep) of a geometric object and function f is called the defining function. In three-dimensional case the boundary of such a geometric object is called implicit surface. The set of points
associated with Eq.(3) can be classified as follows:
f (X i ) < 0 if X i is outside the object.
Blending Union Operation
Intuitively the blending union operation between two initial objects from the set of function representations is a gluing operation. It allows us to control the gluing type in the wide range of shapes from pure set-theoretic union to convolution like summation of terms. After blending union operation between two subjects defined by functions f 1 and f 2 the resulting blended object has the following defining function:
where the absolute value a 0 defines the total displacement of the bending surfaces from two initial surfaces. The values a 0 > 0 and a 1 = a 2 > 0 are proportional to the distance between blending surface and the original surfaces defined by f 1 and f 2 , respectively.
Skeleton based Defining Function
Convolution-based implicit modeling primitives developed in 18 were incorporated in Hyper-Fun project 19 . Let us consider from now on the defining function given by the convolution operator between a line skeleton segment and a kernel 18, 20 , i.e. the convolution cylinder defined as
where r = d(X, r i (v)) is the distance from the point X ∈ E 3 to the nearest point on the skeleton primitive r i (v). The coefficient s controls the width of the kernel. The integration is performed over the volume, V i of the skeleton primitive. The kernel function under the integral allows analytical calculation of field function f i (X) defined by skeleton line segment. A convolution surface is implicitly defined by a potential function f obtained via convolution operator between a kernel and all the points of a skeleton. The convolution surface thus obtained defines a tubular shape.
Plus Operation between Convolution Cylinders
Convolution surfaces build from complex skeletons can be evaluated individually by adding the local defining functions for each primitive, because convolution operator is linear. With N skeleton primitives the above statement can be written as the following modeling equation in an implicit form:
where f i is the defining function of convolution cylinder with i-th skeleton primitive and T is the iso-potential threshold value, see central image of Fig. 10 .
Blending Union of Convolution Cylinders
The effect of blending union operation is demonstrated by two object primitives whose skeleton consists of two line segments one vertical and the other one diagonal, see Parameter a i can be used to localize the blending operations therefore, in the case where the shape and size of geometric primitives must be preserved the blending union operation with different parameters a 0 , a 1 , and a 2 is a good choice. On the other hand when the blending shape is the main concern the convolution plus operation should be used, according to our experience. When both the shape of geometric primitives and that of blending are important the small values of blending union parameters along with the localization of the blending area is a good choice. The F-rep blending union operation has similar advantages as simple convolution union with respect to minimizing unwanted bulges.
Shape from Skeleton
The measured organ models discussed in Sec. 2 were divided into physiological parts, at preprocessing stage, having different speed and direction of growth to suit the animation purposes. A single physiological part has the shape defined by the skeleton based F-rep. The skeleton of the physiological part is calculated from L-system and the dynamic system.
We represent the smooth shape of the digestive system in a compact way by piecewise linear skeleton and locally defined convolution cylinders along each linear segment of a skeleton. Thus, the resulting smooth tubular surface is represented by a real function as the blend union operation between many convolution cylinders. The shape of a convolution surface can be varied in several ways: by varying the skeleton, by varying the thickness of convolution cylinders with parameter s from Eq. 6, and by the iso-potential threshold value T . For example, the small and large intestines monotonically increase their thickness which can be modeled with the monotonically decreasing parameter s as seen for the six developmental stages of intestine in Table 2 . Thickness. As was already mentioned, the increasing thickness of convolution cylinders distributed along the skeleton segments is given by monotonically decreasing the width parameter s in time as shown in Table 2 . We will transform the solution of Eq. 8,ŝ, that monotonically increases from 0.01 to 0. 16 
Function s(t) is the growth function controlling the thickness of large intestine with a good approximation of data from Table 1 . The graph of the growth function over the time is shown on right of Fig. 8 .
Results
The largest (oldest) model of our digestive system has about 900 springs while running 10 iteration steps of the Euler integration method during the dynamic simulation, the simulation for this model on a Celeron 1.3GHz takes less then 3s. Please, note that most time consuming step is the parsing of long L-system strings, requiring 20 min for the digestive model of 120 days old embryo. Shown in Fig. 12 are several frames from a generated animation simulating digestive growth based on the proposed L-system using the above growth functions. The environment forces and self collision were handled by the spring representation of results obtained from L-system. The shape of the digestive system shown in this figure undergoes global bending transformation and deformations resulting from gravity, animator intervention (looping process), and collision. Some of the intermediate shapes in Fig. 12 have disjoined elements due to aliasing in the implicit polygonizer that has difficulties to find a mesh for long thin structures.
Conclusions
We have presented a method for simulation of the growth of human embryo digestive system. The method uses the shape calculated based on F-rep using iso-surfaces generated by skeleton segments, which provides a smooth and compact representation of the surface usable for complex animations. We propose a method in which the organ growth and global bends are separate processes. The differential growth functions are introduced for an algebraic L-system which efficiently control the elongation of skeleton segments. The skeleton representation is transformed into the spring model within the physical environment which allows us to model the global bending of intestine colon, by user definition of external forces, and collision detection.
The user can guide the growth animation by the direct introduction of constraints or by growth parameters, thus benefiting from his initial knowledge of the growth motion. All F-rep models that are different on each animation frame have been rendered with a POV-Ray 21 ray tracing program and the F-rep polygonizer developed by international group under HyperFun project 2, 19 .
Other organs can be modelled with this system as well, the simplest examples being the tree-like structure organs. Unfortunately, the development of the blood vessels and nervous system is not understood very well by embryologists. Nevertheless, we are using this current system to model the human embryo brain and its growth. In the future we plan to use this methods to model the growth of human embryo heart. This system is not limited to tree like structures. With the trivial extension of the L-system to parse the cycles in the skeleton we can model the loops, too. A possible extension, currently under development, is to use the skeletons consisting of triangular patches which should give us the opportunity to define the flat shapes like pillow.
